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Figure 9.5 Shear Modulus of 3-D Woven Materials with Rail Shear and Compact
Shear Specimen Methods.

9.5 Test Rec

The in-plane shear test methods were analyzed to determine which method would
give the maximum allowable in the same manner as the unnotched compression test
methods in Section 7.5. All the rail shear specimens for stitched uniweave and some 3-D
woven materials failed at the attachment holes and those strengths could not be
included in this analysis. Values of  for strength and modulus are given in Table 9.6
and values of  and COV are plotted in Figures 9.6 and 9.7. In general, the rail shear
and compact shear tests gave the largest mean values of modulus and strength and the
smallest COVS for modulus and the largest COVS for strength. The modulus COV was
smallest for the compact shear specimen. A special strain gage was used for the compact
shear specimen that extended across the entire 0.75” test section. Likewise, the modulus
COVS for the tubes and rail shear specimens would probably have been smaller had
larger strain gages been used. It was not expected that the tube specimens would give
the lowest values of strength because tubes have no free edges and are believed to have
the most uniform state of shear stress. However, the difference between manufacturing
methods for the tubes and flat plates could have caused the strengths for tubes to be less
than those for rail and compact shear specimens. Therefore, it would probably be best to
use a tube torsion test for braids that will be used for closed section structures and rail
shear or compact shear specimens for braids that will be used for open section
structures.
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Table 9.6 Normalized Mean Deviations  for Shear Test Methods

II Property Test Method

 Tube I Small Tube Rail I Compact

   -16.3%  -21.7%  17.8%  22.5% 
Modulus I -1.8 % I -9.9 % I 13.6 I -1.9 %

30

10

o

-5

-lo

Strength

-20

-30 1

Large Small Rail Compact Large Small Rail Compact
Tube Tube Shear Shear Tube Tube Shear Shear

Figure 9.6 Mean Deviations for In-plane Shear Test Methods.
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Figure 9.7 COVS for In-plane Shear Test Methods.
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10. Filled-Hole Test Program

Past experience with composite laminates has shown that installing a fully torqued
fastener in an open-hole specimen often reduces the notch tension strength and thus
makes this condition critical for design considerations. The likely cause of that effect is
that the clamping force of the fastener induces through-the-thickness compressive
stresses around the edge of the hole which delay the onset of delamination. Since
delamination tends to reduce the stress concentration in the longitudinal fibers adjacent
to the hole, reducing delamination decreases strength. Therefore, a limited test program
was conducted to verify if this was also the case with the materials considered in this
investigation.

10.1 Test Co ration

Because of limited material availability, only three of the 2-D braids were used as
indicated in Table 10.1. The same specimen configuration as in the open hole test was
used with a 1/4” titanium  fastener installed in specimen identical to the 
hole tension specimen. Once again, the influence of the width to diameter ratio (W/D)
was considered.

Table 10.1 Filled Hole Tension Test Program

Width [in] W/D SLL LLS LLL

1.00 3

1.50 6 3 3 3

2.00 8 3

10.2  

Results of the test program are shown in Table 10.2. As for the open hole tests, the
simple correction factor for infinite plate width was applied to the strength data. A
comparison of net stress, gross stress and corrected stress is shown in Figure 10.1 for the
SLL material. Results show that the corrected stress is the least sensitive to W/D. Little
difference is seen between W/D=6 and  but the result for W/D=4 is slightly
lower (by 4%) than the other two results, thus indicating that a specimen with W /D=6
is sufficiently wide. Filled and open hole strength results are compared in Figure 10.2.
As expected, a small strength reduction is observed with the installation of a fastener,
on the order of  for SLL, 14% for LLS and  for LLL. This confirms that, as for tape
laminates, filled hole tension is the critical case when developing material design
allowable for the Room Temperature/Dry environment. As in previous tests,

increasing the tow size (going from SLL to LLL) leads to a reduction in strength on the
order of 1570.
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Table 10.2 Filled Hole Tension Test Program

W/D Property SLL LLS LLL

4 Stress 81.2
Cov [%1 4.6

6 Stress 84.2 71.5 72.0
Cov [%1 8.7 7.9 2.7

8 Stress 84.7
Cov [%1 1.7

120

100

80

60

4 0

20

0
2 4 6

W/D

Figure 10.1 Comparison of Net, Gross and Corrected
Test of SLL Braid.

100

9 0

8 0

7 0

6 0

5 0

4 0

3 0

2 0

10

0

8

Stress for Filled Hole Tension

 Open Hole

❑ Filled Hole

SLL LLS LLL

Figure 10.2 Comparison of Open and Filled Hole Tension Strength Data for 2-D
Braided Material.

70



11. Bolt-Bearing Test Program

The last in-plane property examined in this investigation is the testing of textile
composites for bolt bearing strength. Although not strictly a material property in itself,
bearing strength is a key parameter for the design of composite structures. Different test
specimens representing various types of joint configurations are typically used for this
purpose.

11.1 Test 
.

Three basic specimens, shown in Figure 11.1, were selected for this investigation: the
unstabilized single shear specimen, the stabilized single shear specimen and the double
shear specimen. Because of limited material availability, only the 2-D braided materials
are considered here as shown in the test matrix in Table 11.1. For each test
configuration, the influence of two geometric parameters is examined: the distance of
the hole center to the edge of the specimen and the width of the specimen. Several edge
to diameter ratios (e/D) and width to diameter ratios (W/D) are included. Note that
when testing laminated composites, ratios of W/D = 6 and e/D = 3 are typical. A 1/4”
titanium  fastener is used for all tests. The influence of fastener torque is also
considered in the double shear bearing test: in one series of tests, a fastener with no nut
is inserted in the hole as a simple pin (no clamp-up) and in the other, the installation
torque is doubled to increase clamp-up and possibly induce some damage.

Table 11.1 Bolt-Bearing Test Matrix

W/D I e/D SLL I LLS I LLL SLL LLS I LLL

Stabilized Single Shear Bearing Double Shear Bearing
4 2 3 3 3 3
4 3 3 3 3 3
4 4 3 3 3 3
6 2 3 3 3 3
6 3 3 3 3 3 3
6 4 3 3 3 3
8 2 3 3 3 3
8 3 3 3 3 3
8 4 3 3 3 3

Unstabilized  Shear 
6 2 3 3
6 3 3 3 3
6 4 3 3

Double Shear,  Fastener

6 I 3 3 I 3 [
Double Shear, Pinned Fastener

6 I 3 3 I 3 I
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Figure 11  Baseline Dimensions for Stabilized Single-Shear Specimen.

0
.   

  

Figure 11  Baseline Dimensions for Unstabilized Single-Shear Specimen.
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Figure 11  Baseline Dimensions for Double-Shear Specimen.

 2-D Braids

When examining load versus stroke test results, non-linearity due to damage
developing around the hole is usually seen prior to final failure. Two load levels are
therefore identified: limit load, which is defined as the load corresponding to a
permanent hole elongation equal to 2% of the hole diameter, and ultimate load which is
simply the maximum load reached during the test. However, for most bearing tests, the
ratio of ultimate to limit load is typically less than the safety factor used for design

  thus  the ultimate condition more critical. Therefore, in most of
this discussion, ultimate strength will be considered.

Tables 11.2 to 11.4 summarize the ultimate strength and coefficient of variation
results of the various configurations. Strength was calculated as the ratio of load
divided by nominal thickness and hole diameter. In general, all the data exhibited
moderate scatter, with an average COV of  for LLS, 2.6% for SLL in the single shear
tests, and an average COV of  for LLS and 3.1  for SLL in the double shear tests.

The influence of the specimen dimensions is examined first by looking at the results
for the SLL and LLS materials. The first test considered involves the stabilized single
shear specimen. As shown in Figure 11.2, W/D appears to have little or no effect on
strength. On the other hand, the edge distance (e/D) has a definite effect on the results.
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In all cases, a ratio of e/ D=2 leads to much lower strength. For the SLL architecture,
little or no difference is seen between  and e/D=4. For the LLS architecture, a
slight increase is seen when going from e/ D=3 to  possibly due to the fact that
the unit cell size of this material is about 2.5 times larger than for SLL. The very same
conclusion is drawn for the unstabilized single shear test shown in Figure 11.3.

A different behavior is seen for the double shear bearing test as shown in Figure
11.4. For both SLL and LLS, ultimate strength continually increases with increasing e/D.
Limit strength is seen to be much less dependent on e/D. This is due to the fact that
local bearing failure occurs first, followed by a progressive shearing out of the fastener.
In specimens with larger edge distance, failed material tends to accumulate between the
loading plates, delaying the final shear-out failure and increasing strength.

Finally, the results of all test configurations with W/D=6 and  are compared -

in Figure 11.5. The lowest bearing strength is obtained for the pinned double shear
specimen for which no load is transferred through friction. At the opposite end, the
double shear bearing strength is the highest. However, this type of bolted joint
configuration is not the most likely in typical structures. The stabilized single shear
specimen is usually considered to be more representative and gives slightly higher
results than the unstabilized configuration. Using the stabilized single shear as a
baseline, the pinned double shear is 18% lower for SLL and 2% lower for LLS; the
unstabilized single shear is 1070 lower for SLL and 770 lower for LLS; and the double
shear is  higher for SLL and  higher for LLS. The difference between SLL and
LLL is about  for stabilized single shear due to the increased tow size.

SLL

2

Figure 11.2

3 4

e/D

120 LLS

0
2 3

Effect of W/D and e/D on Stabilized Single Shear Bearing
Strength of 2-D Braided Materials SLL and LLS.

4

Ultimate
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LLS120 SLL

2 3 4 2 3 4

e/D

Figure 11.3 Effect of e/Don Unstabilized Single Shear Bearing Ultimate Strength of 
D Braided Materials SLL and LLS.

1 6 0  - SLL
140 - -

- - - - - -  - - - - - -  
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- - - - - -   

 40- -

- - -   - - -   
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Figure 11 .4.a Effect of W /D and e/D on Double Shear Bearing Ultimate Strength of 
D Braided Materials SLL.
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Figure 11 .4.b
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Effect of W /D and e/D on Double Shear Bearing Ultimate Strength of 
D Braided Materials LLS.
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Figure 11.5 Comparison of all Bearing Tests with W /D=6 and e/D=3 for 2-D Braided
Materials.
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Table 11.2 Stabilized Single Shear Bearing Ultimate Strength Results for 2-D Braids

SLL LLS LLL

W/D e/D Strength Cov [%] Strength Cov Strength Cov [%]

4 2 87.5 0.5 61.7 10.6
4 3 98.3 3.8 88.8 3.2
4 4 102.4 1.1 94.7 1.8
6 2 90.6 4.6 70.9 5.4
6 3 103.1 1.0 83.6 13.0 91.0 2.4

6 4 103.4 3.1 89.0 2.9

8 2 80.2 5.6 65.8 6.4
8 3 98.0 1.7 87.5 0.3
8 4 100.2 2.2 93.6 3.3

Table 11.3 Unstabilized Single Shear Bearing Ultimate Strength Results for 2-D Braids

SLL LLS LLL

W/D e/D Strength Cov [%] Strength Cov Strength Cov [%1

6 2 80.0 2.9 64.6 3.2
6 3 91.7 5.6 80.8 3.1 87.3 12.1

6 4 90.6 3.7 84.7 5.8

Table 11.4 Double Shear Bearing Ultimate Strength Results for 2-D Braids

SLL LLS

W/D e/D Strength Cov [%1 Strength Cov [%1
4 2 119.7 3.1 101.4 2.1
4 3 136.5 5.6 129.1 2.8

4 4 156.9 3.3 143.5 3.3

6 2 111.5 3.9 98.4 4.1

6 3 136.5 2.6 124.4 11.7

6 4 148.6 4.1 154.8 2.3

8 2 110.2 1.2 101.7 9.8
8 3 134.9 1.8 124.0 1.1

8 4 148.1 2.7 137.0 6.8

Pinned Fastener
6 I 3 I 83.2 11.2 I 87.4 7.5

 Fastener
6 I 3 I 142.5 7.6
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12.  Tension

The interlaminar tension strength of 2-D braided and 3-D woven specimens was
determined using two specimen configuration, a C-shaped specimen and a L-shaped
specimen.

12.1  Co

Both configurations rely on the same mechanism, the application of a bending
moment around a curved geometry, to generate an out-of-plane tension loading  the
specimen. The first configuration is a C-shaped specimen illustrated in Figure 12.1 
shown in the test matrix in Table 12.1, four combinations of width and midplane radius
are used. The braids marked “-2” and “-3” are variations of the basic architectures used
in the previous test programs. The characteristics of these architectures are shown in
Table 2.1. The second configuration is a more common L-shaped flange bending
specimen, shown in Figure 12.2. Only one size specimen was used to test both 2-D
braided and 3-D woven materials. For both specimens, the attachment to the test
machine included hinged joints arranged such that the bending moment in the
specimen radius can be easily determined by multiplying the load by the offset from the
load application line to the radius.

For both test results, moments were converted to interlaminar stress with the
simplified formula based on beam theory (see for instance Reference 9):

 
where M is the bending moment per unit width, R is the midplane radius and t the
thickness.

A more exact solution for an homogeneous orthotropic solution is give in Reference
10. Using that analysis, the calculated value for the peak interlaminar stress would be
3.3% higher for the Cl configuration, 7.8% for the  one and 8.1% higher for the L
specimen. However, given the highly inhomogeneous nature of the material tested, it is
not very clear whether the more exact solution is actually more accurate.

Table 12.1 Interlaminar Tension Test Matrix

 
 Cl-1  0.13  1  0.255

 Cl-2  0.13  2  0.255
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Figure 12.1
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Interlaminar Tension C-Shape Specimen.
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Figure 12.2 Interlaminar Tension L-Shape Specimen.

12.2  Braid s 

A summary of the average ultimate out-of- plane tension stress from the C-section
out-of-plane tension test is shown in Figure 12.3 and Table 12.2. Coefficients of
variation were large, up to  although not uncommon for this type of testing.
Failures were visible as interlaminar cracks in the radius, sometimes along many layer
interfaces, although there was no consistent location of the failures through the
thickness: some were nearer the inner radius, others nearer the outer radius. The
waviness of the layer interfaces caused by the textile architectures was clearly visible
along the crack length. Considering the scatter, there appears to be little influence on the
results from the width of the specimens. The results from the 90° flange bend out-of-
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plane tension tests are shown in Figure 12.4 and Table 12.3. The 2-D braided specimens
all failed as intended by out-of-plane tension in the radius, which was visible by
interlaminar cracks in the radius, often along many layer interfaces.

“The strength values obtained   specimens ranged from 2.5 ksi to 4.3
ksi, while these obtained with the L-shape were higher, ranging from 3.6 ksi to 4.8 ksi.
These values are similar to those measured in laminated specimens. As reported in
Reference 9, where an  all unidirectional L-shape specimen was used, a
definite relation was observed between interlaminar tension strength and specimen
thickness, with the strength decreasing for increasing thicknesses. Reported values
ranged from 11.8 ksi for a .077” thick specimen, to 2.5 ksi for 0.26” thick specimen. The
main cause for that effect was attributed to the fact that the laminate quality in the
radius area tends to degrade with      manufacturing _
process.

Table 12.2  Tension Strength Measured with C-Shape Specimen

Config. SLL LLS-2
,

c l - l Strength 3.2 2.9 3.0 3.2
Cov [%] 15 11 17 16

c l - 2 Strength 2.5 2.7 3.0 2.8

Cov [%1 5 10 9 11

C2-1 Strength 3.4 4.0 2.5 4.3

Cov [%1 18 7 6 13

C2-2 Strength 3.1 3.7 2.7 3.8

Cov [%1 1 24 8 8

c

3

2

1

0
SLL LLS-2

I I

I

L

SLL-2

Figure 12.3  Tension Strength Measured with C-Shape Specimen.
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Table 12.3  Tension Strength Measured with L-Shape Specimen

Config. SLL LLS LLL TS-1 TS-2 0s-1 0s-2 LS-2

L Strength 4.8 4.2 3.6 2.2 3.0 3.5 2.9 2.7

Cov [%] 17 12 5 5 9 5 6 16 4

   

0

     

 

SLL LLS LLL TS-1 TS-2 OS-1 OS-2 LS-1 LS-2

Figure 12.4  Tension Strength Measured with L-Shape Specimen.

12.3 3-D Woven Materials

The 3D angle interlock specimens failed by in-plane tension at the inner radius, with
some evidence of out-of-plane tension or interlaminar shear failures as well. Some of
these specimens also had compressive in-plane failures on the outer radius. Therefore,
all the values shown in Figure 12.4 and Table 12.3 should be considered lower bounds
to the actual strength.

81



13.  Shear

The interlaminar shear strength of the 2-D braided material and 3-D woven material
was determined using two specimen configurations, the Compression 
Shear  specimen and Short Beam Shear  specimen.

13.1 Test .

Both specimen configurations are illustrated in Figure 13.1. Three specimens of each
material system were tested as indicated in Table 13.1. All Compression 
Shear specimens were tested in a modified D695 compression fixture shown in Boeing
specification BSS 7260 (see Appendix C). The load rate was 0.05 inch per minute. The
shear stress was calculated assuming a uniform shear stress distribution:

P
X z  =

where P is the ultimate load
w is the specimen width
d is the distance between notches

All Short Beam Shear testing was performed according to ASTM D2344. A small
flexure fixture with 1/8” diameter support rods, 1/4” diameter loading rod and a 1.0:
span was used. The load rate was also 0.05 inch per minute. The shear stress was
calculated assuming a parabolic stress distribution through-the-thickness:

0.75” P
X z  =

W “ t

where P is the ultimate load
w is the specimen width
t is the thickness

 .5”

Figure 13.1 Short Beam Shear and Compression  Shear Specimens.
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   Table 13.1   1 est Matrix

Config. Width Length Thickness SLL LLS LLL LSS 3-D
[in] [in] [in] Woven(l)

,
0.5 3.2 0.25 3 3 3 3 3

SBS 0.5 1.5 0.25 3 3 3 3 3

  configurations, OS-1, OS-2,  LS-2,  

  Braided

A summary of the average interlaminar shear stresses from the Short Beam Shear
and Compression  Shear tests is shown in Figure 13.2 and Table 13.2. The
failures for the short beam shear specimens  in the y-z plane  either the left or
right support rod. The failures for the compression  shear specimens
occured in the x-y plane between the notches. The shear failures were generally along a
layer of fixed yarns (braid) or along a layer of warp yarns (weave), although
occasionally the crack jumped between interfaces. Some specimens broke  two

pieces showing the wavy failure surface due to the textile architecture.
The main conclusion from this set of tests is that the short beam shear test gave

consistently higher  shear strengths than the compression 
shear tests by about 20% on average. Coefficients of variation were lower as well. These
values are somewhat low when compared to comparable laminated material systems
where  shear strengths in the range of 12 ksi to 17 ksi are typical.

12

_ 10

c

—
2

0
S L L  L L S  L L L      0 S - 2   

Material

Figure 13.2  Shear Strength Measured with Short Beam Shear and
Compression  Shear Test Methods
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Table 13.2  Shear Strength in 2-D Braided Materials

SLL LLS LLL LSS

Strength 5.2 7.2 6.0 6.9
  [%]  

13.3 3-D Woven Materials

A summary of the average  shear stresses from the Short Beam Shear
and Compression  Shear tests is shown in Figure 13.2 and Table 13.3. The
failures for the short beam shear specimens were like those of the braided materials
except for the three OS-2 specimens, which failed in tension on the lower surface.
Significant permanent deformation was visible after the loads were removed only for
the OS-1 and OS-2 specimens. The failures for the compression  shear
specimens were also like those of the braided materials between the notches except for
one OS-2 specimen, which failed in compression at the two notched sections. A
replacement from this group was tested which failed in shear.

Much as for the braided materials, the short beam shear test gave consistently higher
interlaminar shear strengths than the compression interlaminar shear tests by about
2770 on average. Also the OS-2 material appears to have a higher  shear
strength than the other materials and different failure modes.

Table 13.3  Shear Strength in 3-D Woven Materials

Config. TS-2 0s-1 0 s - 2 LS-2

CIS Strength 5.3 6.3 4.5 9.5 6.6 6.2
Cov [%] 6.6 15 22 7.2 11

Strength 8.2 8.1 7.0 9.7 6.6 7.5
Cov  70] 5.0 1.8 1.2 4.9 9.2 8.4



I
14.  Fracture Toughness

The mode I and mode II interlaminar fracture toughness of the braided materials are
examined in this chapter. These were determined using the Double Cantilever Beam

 and End Notch Flexure  test configurations.

14.1 Test C on figurations

Four 2-D braided architectures were used in this test program. Three specimens of
each kind were used as indicated in Table 14.1. The braids marked “-2” and “-3” are
variations of the basic architectures used in the previous test programs. The
characteristics of these architectures are shown in Table 2.1. All specimens were 0.5”
wide and 0,25” thick. In all cases, the delamination was propagated along the 0°
direction.

All Double Cantilever Beam specimens were tested according to Boeing specification
BSS 7273 (see Appendix C). A bonded block hinge was used to load the specimen
instead of the triangular grips specified in BSS 7273. The edge of the specimen was
painted white to illustrate the progression of the crack more clearly. The crack was
initially extended by 0.5 inch to move the crack tip away from the effects of the Kapton
tape used to form the initial crack. A crack approximately one inch long was extended
three times for each specimen. The  rate was 1 in per minute. The actual crack
length was measured with calipers and the area under the load-displacement curve was
calculated by the test software. Both the area and initiation methods were used to
calculate the mode I fracture toughness 

Area Method:

  (in. lb / in2)

Initiation Method:
      / in2 ) , .

where E is the area under the load-deflection curve
A is the increase in crack length
W is the specimen width
P is the peak load prior to crack extension
a is the crack length
Y is the deflection corresponding to P

All End Notch  specimens were tested in a small test fixture with 1/4”
diameter loading rods and 4“ span. The load rate was 0.1 in per minute. The crack was
initially extended in flexure by 0.5 inch to move the crack tip away from the Kapton
tape used to form the initial crack. The crack was extended three times for each
specimen. The compliance was calculated from the actual slope of the load-deflection

85



curve between  and  of the ultimate load for each crack growth. The actual crack
length was recorded for each crack but a nominal crack length of 1 inch was used in the
calculation as specified. The values for  were calculated with the equation given in
the specification:

  
 = (in. lb / in2)

  
where C is the compliance

L is half the length of the loading span
W is the specimen width
P is the peak load prior to crack extension
a is the crack length

Table 14.1  Toughness Test Matrix

SLL LLS-2 LLS-3

3 3 3 3

ENF 3 3 3 3

Note: Each specimen tested for 3 crack extensions

14.2 2-D Braided

Results for the mode I fracture toughness tests are shown in Table 14.2 and Figure
14.1. The scatter in the results is extremely large, especially considering the fact that 15
repeats of each test were conducted. The average  themselves are extremely high
compared to the typical values measured in laminated composite materials (by a factor
of 3 to 5). The results from both the area and initiation method gave comparable results
considering the scatter in the results. There appears to be some correlation between the
bias fiber angle and the toughness: the two architectures with 70° bias angle gave much
higher results than the ones with a 45° angle.

The probable cause for these high values is that the crack did not propagate in a
resin-rich layer between plies as in a laminate. Although the 2-D braids are still formed
by putting down successive layers of material, nesting of the different plies does occur.
When looking at the edge of the specimen, the crack path was not straight but rather
followed a “scalloped” pattern going around the tows. Also, when examining the
surface of the delamination, it appears that failure did not progress between layers of
material but inside a braided layer. Parts of the same bias tow were observed on both
sides of the fracture surface, with a thin layer of the tow on one side and the majority of
the tow on the other side. This also implies that some fiber breakage must occur where a
bias tow on the surface of a braided ply enters the ply to pass underneath the other
tows.

much
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That could significantly increase the energy necessary to separate the material,
as fiber bridging in tape laminates.



I

Results for the mode II fracture toughness tests are shown in Table 14.2 and Figure
14.2. As above, the scatter in the results is extremely large, especially considering the
fact that 15 repeats of each test were conducted. The energy release rate values are also
two or three times higher than for tape laminates with similar resin systems, much for
the same reason as for the mode I results..

Table 14.2  Toughness Test Results

 SLL  LLS-2

Area Method
 7.03 4.72
Cov [%1 33.2 38.1

Initiation Method
 7.89 4.72
Cov [%1 40.5 20.8

 13.1 13.4

Cov [%] 21 17

4.49 I 7.43

17.7 33.7

19 I 20

Note: Each specimen tested for 3 crack extensions

8

7

6

 5

1

0

SLL SLL-2

Figure 14.1 Mode I Fracture Toughness in 2-D Braided Materials.

16 T

SLL LLS-2

Figure 14.2 Mode  Fracture Toughness in 2-D Braided Materials
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15. Conclusions

Only the main conclusion from each test program is briefly summarized here.
Because of the large variety of tests conducted, the reader should refer to each sub-
section for the conclusions relating to a specific material or test type.

Tension
The main issue in the tension test program was the effect on strength of the specimen
size compared to the material unit cell dimensions. Little or no effect on strength was
observed for the 2-D braids which have the largest unit cells of all material tested.
Therefore, the standard specimen width of 1.5” is recommended.

Open  Tension
The effect of specimen width to hole diameter ratio (W/D) was investigated. Results
showed that the standard W /D=6 was adequate.

Compression
A comparison of the Boeing Open Hole Compression, Zabora Fixture, NASA Short
Block, NASA 1142, Modified  sandwich column, Boeing Compression After
Impact and NASA ST-4 specimens was conducted. The NASA Short Block specimen
and Zabora fixture consistently produced the highest mean strength, but the Zabora
fixture was evaluated only for a limited number of 2-D braids.

Open  Compression
A comparison of the Boeing Open Hole Compression, Zabora Fixture, NASA Short
Block, NASA 1142 and Modified  was conducted for hole diameters up to 0.375”.
Results show that the Modified  produced the highest mean strength, while the
Boeing OHC produced the lowest. Both the Boeing Compression After Impact and
NASA ST-4 gave good results for larger hole from 0.5” to 1.25”.

 Shear
A comparison of tube torsion, rail shear and compact shear specimens was conducted.
Significant differences in both strength and modulus were obtained between these test
methods. The compact shear specimen produced on average strength data  to 
greater than the tube torsion, while the rail shear method experienced numerous
bearing failures at the attachment holes.

Filled-Hole Tension
Testing was conducted only with the 2-D braided material and confirmed that, as for
tape laminates, filled hole tension is the critical case when developing material design
allowable for the Room Temperature/Dry environment. The standard 
specimen configuration appeared to be adequate for this type of testing.

 Bearing
Testing was conducted only with the 2-D braided material. As for tape laminates, the
stabilized single shear bearing test with W /D=6 and  is recommended.
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 Tension
Testing for  tension was conducted with the 2-D braided material and 3-D
woven materials using a C-shape and a L-shape specimens. Strength values from the 
shape configuration were slightly higher than those with the C-shape specimens,
possibly due to the lesser fiber distortion in the L-shape specimen. The 3-D weaves did
not fail actually in interlaminar tension but showed transverse cracks indicative of 
plane failure.

 Shear
Testing for interlaminar shear was conducted with the 2-D braided material and 3-D

woven materials using the Short Beam Shear  and Compression  
 specimens. Strength values obtained from the SBS specimen were consistently

higher than those from the  specimen.
 Fracture Toughness

Testing for interlaminar fracture toughness was conducted only with the 2-D braided
material using the Double Cantilever Beam and End Notched  specimens.
Results showed much higher toughness in this type material than in conventional
laminated composites.
Observations on 2-D Braided Material
Unnotched tension and compression strength appear to be lower than expected in a
conventional tape laminate. However, in the presence of holes, the 2-D braids appear to
be less notch sensitive in tension. As seen from the comparison of the SLL and LLL
architectures, the larger tow size reduces strength and stiffness, but on the other hand,
the larger tow size can reduce the cost of manufacturing the preform. The transverse
strength in 2-D braids seems to be relatively low in tension, compression and shear.
Since only a limited amount of testing was conducted in that direction, this should be an
area of further investigation.
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Appendix A Test Data

All the individual test data are included in this appendix as reported by  Note
that stresses in these spreadsheets are normalized by the actual specimen thickness.
Most specimens are labeled using the following convention: BH2-A-BC-X, where:

A = Material Form 01 = 2-D Braid SLL
02 = 2-D Braid LSS
03 = 2-D Braid LLL
04 = 2-D Braid LSS
05 = 3-D Weave 
06 = 3-D Weave TS-2
07 = 3-D Weave OS-1
08 = 3-D Weave OS-2
09 = 3-D Weave 
10 = 3-D Weave LS-2
11 = Stitched Uniweave 
12 = Stitched Uniweave SU-2
13 = Stitched Uniweave SU-3
14 = Stitched Uniweave SU-4
15 = Stitched Uniweave SU-5
1 = Unidirectional Properties
2 = Strain Gage Study
3 = Tension Test Program
4 = Open Hole Tension Test Program
5 = Compression Test Program
6 = Open Hole Compression Test Program
7 = In-Plane Shear Test Program

C = Test Type and Configuration (A-Z)
X = Repetition Number

B = Task Number
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